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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 





Symbol 


Metric 


English 


Unit 


Abbrevia- 
tion 


Unit 


Abbrevia- 
tion 


Length 


I 
t 

F 


meter 


m 
s 

kg 


foot (or mile) 


ft. (or mi.) 
sec. (or hr.) 
lb. 


Time 


second 


second (or hour) 


Force 


weight of 1 kilogram. 


weight of 1 pound 








Power 


P 
V 


horsepower (metric) 




horsepower. 


hp. 

m.p.h. 
f.p.s. 


Speed 


fkilometers per hour 


k.p.h. 
m.p.s. 


miles per hour. . 




\meters per second 


feet per second 



w, 

9, 

m, 
I. 

S, 

S„f 

G, 

b. 

c, 

S' 
V, 

2, 

L. 

D, 

D., 

A, 

D„ 

C, 
B. 



Weight = mg 

Standard acceleration of 
m/s2 or 32.1740 ft./sec.^ 

Mass = — 



Moment of inertia = mP. (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 



2. GENERAL SYMBOLS 

Vj Kinematic viscosity 
gravity = 9.80665 p, Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m"*-s^ at 

15° C. and 760 mm; or 0.002378 Ib.-ft sec.^ 
Specific weight of '^standard'' air, 1.2255 kg/m^ or 
0.07651 Ib./cu.ft. 



3. AERODYNAMIC SYMBOLS 



Area 

Area of wing 
Gnp 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure - 



Lift, absolute coefficient Cl 



Drag, absolute coefficient — ^ 
Profile drag, absolute coefficient Cd 



qS 



Induced drag, absolute coefficient = ^ 

Parasite drag, absolute coefficient Cd 

Cross-wind force, absolute coefficient Cc^^ 
Resultant force 



VI 



Otay 
7, 



Angle of setting of wings (relative to thrust 
Une) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where Z is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000 ; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 
Fhght-path angle 
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GROUND-HANDLING FORCES ON A 1 40-SCALE MODEL OF THE 

U. S. AIRSHIP "AKRON" 

Bv Abe Silverstein and H. G. Gulick 



SUMMARY 

An investigation was conducted in the N. A. C. A. 
full-scale wind tunnel to determine the ground-handUng 
Jorces on a Yio-scale model oj the U. S. airship Akron. 
Ground-handling conditions were simulated by establish- 
ing a velocity gradient above a special ground board in 
the tunnel comparable with that encountered over a land- 
ing field. The tests were conducted at Reynolds Numbers 
ranging from 5fl00fl00 to 19,000,000 at each of six 
angles oj yaw between 0° and 180^ and at four heights oj 
the model above the ground board. 

The ground-handling jorces vary greatly vjith the angle 
oj yaw and reach large values at appreciable angles oj 
yaw. Small changes in height, pitch, or roll did not 
critically affect the forces on the model. In the range oj 
Reynolds Aiitnbers tested, no significant variation (j the 
jorces with the satle was disclosed. 

INTRODUCTION 

At tlio request of the Bureau of Aeronautics, Navy 
Department, an investigation was coihIiicIimI i?i the 
N. A. C. A. full-scale wind tunn(^l (o (Miniiu* llic 
ground-handliuii: forces on a ';,)-scal(^ model of \\\v 
V. S. airshij) Akron. 

Correlated data on the forces and momcMits (Micoim- 
tered in handling airships near the ground have not 
been available. Previous work of a similar nature 
conducted at low^ Reynolds Numbers has shown con- 
flicting results (references 1 and 2). Actual handling 
experiences with the large au-ships have shown unchM- 
some conditions the existence of extremely large forces 
and moments that may endanger the airship unless 
properly anticipated. The prediction of the numerical 
values of the handling forces by wind-tunnel research is 
not satisfactory owing to the relatively small size of 
the models. It was believed, however, that the }^o- 
scale Akron model was large enough to enable the 
(lii-(H'tion and trend of the forces to be predicted. 

(iround-handling conditions were closely simulated 
by establishing a velocity gradient above the ground 
board comparable with that encountered over a land- 
ing field. Tests were made at six angles of yaw between 
0° and 180°, at four heights of the model above the 



ground board, and at air si)eeds from 28 to 100 miles 
per hour. Several special conditions of pitch and roll 
were also investigated. 

WIND TUNNEL AND EQUIPMENT 

The wind tunnel used for these tests is described in 
reference 3. The tunnel was modified by the addition 
of a horizontal ground board, 30 feet wide, to simulate 
the landing field. The board was installed at the level 
of the lower surface of the entrance cone, making a 
continuous surface with tlu^ entrance cone and (wtend- 




'I he l/ l()-sc:il(' tiKxU'l of I he 1. S. 

yaw. 



ship .1/./ 



1.1 lio.iid ai (J° 



ing to within a few feet of the exit cone. Figure 1 
shows the model in position above the ground board. 

Forces, moments, and velocity distribution about the 
model were measured with the standard wind-tunnel 
equipment. The model was supported by four struts 
projecting through the ground boai'd and rigidly at- 
tached at their lower ends to the floating frame of the 
balance (fig. 1). The portions of the struts extending 
above the ground board were shielded by streamline 
fairings to eliminate tare forces. 

Smoke was used to show the flow of air over the 
model. The smoke was generated by passing kerosene 
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throiip;h lioatod coils and was ejected through small 
tubes into the air stream a short distance ahead of the 
model. Pictures were taken of the flow with a standard 
movie camera using 10 millijueter film and taking IG 
frames a second. 

MODEL 



The Akron model previously 
research tunnel (reference 4) w 
II fins and control surfaces, 
wood construction of polygonj 
sides over the fore part of the 
near the stern. The surface w 
compa ra hk^ with well-doped 
dimensions of the model are 
tabb: 



tested in the propeller- 
as fitted with the Mark 
The model is of hollow 
ill cross section with 36 
hull faired into 24 sides 
as refinished so as to be 
fabric. The ])rincipal 
listed in the followino; 



Ratio of 
distance 
from nose 
to total 
length 


Radius 
(circum- 
scribed 
circle) 


tt/L 


Inches 


0 


0 


.02 


4. 95 


.05 


9. 96 


. 10 


14.20 


. 15 


16. 65 


.20 


18. 39 


.25 


19.12 


.30 


19. 61 


.35 


19. 85 


.40 


19.90 


.45 


19.90 


.50 


19.80 


.55 


19.59 


.60 


19. 12 


.65 


18. 46 


.70 


17.50 


.75 


16. 15 


.80 


14.44 


.85 


12.29 


.90 


9.61 


.95 


6. 52 


1.00 


0 



Length, 19.62 ft.; volume, 115 cu. ft.; (vol)2/3, 23.62 sq. ft.; (vol)t/3, 4.86 ft.; center 
of buoyancy, a/L=OAGi. 

VELOCITY GRADIENT 

One of the important variables affecting the airship 
handling forces is the gradient of the wind velocity with 
height above the landing field. This velocity gradient 
is not constant and depends largely on the terrain and 
the weather conditions. In the present investigation it 



was not expedient to test with more than one velocity 
gradient so that a representative gradient obtained in 
tests at Langley Field (reference 5) was adopted. This 
reference velocity gradient indicates that the average 
increase in velocity with height above the ground is pro- 
portional to the 1/7 power of the height {V ocA^^') or, in 
terms of the dynamic pressure, qcclr^\ This velocity 
gradient is similar to that in the boundary layer of a 
flat plate im.mersed in a turbulent stream at high 
Reynolds Numbers and may be considered as the most 
probable gradient over a flat landing field free of ob- 
structions. 

The velocity at 200 feet above the ground was 
arbitrarily chosen as a reference. It corresponds to a 
height of 5 feet above the ground board for the model 
tests; consequently all velocity com])utations are based 
on the velocity at this height. The gradients as repre- 
sented by the foregoing relation and as determined 
from the results of dynamic-pressure surveys for the 
positions occupied by the model are compared in 
figure 2. 

CORRECTIONS 

The results were corrected for the blocking effect of 
the .model on the air strea.m. (See reference 6.) Inas- 
much as the model was small in proportion to the size 
of the jet, no tunnel-boundary corrections were applied 
to the data. Surveys showed the variation of the 
static pressure over the length of the model to be 
negligible, therefore no corrections for static-pressure 
gradient were made. 

TESTS 

Force tests. The lift, drag, and cross-wind forces and 
the pitching, rolling, and yawing .moments were .meas- 



ured for four heights, 25%, 27, 28}^ 



and 31)^ inches. 



of 



the model center line above the ground board (fig. 3). 
These heights gave clearances between the ground 
board and the model at the maximum diameter of 5.6, 
7.1, 8.6, and 11.6 inches, respectively. Tests were 
made at each height for the following six angles of 
yaw relative to the wind: 0°, 30°, OO"", 90°, 180°, and 
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Figure 2.— Velocity firadieiit for grourul-liaudliiig tests of the 1/40-scale model of the U S. airship Akron 
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210°. The angle of yaw of 210° instead of 150° was 
used for convenienee in testing. The magnitudes of 
the forces and moments are obviously the same for the 
two angles but the direction is opposite for the cross- 
wind force and the rolling and yawing moments. For 
the comparison of the results, the coefficients for 210° 
yaw angle were converted to 150° yaw. 

At the 28K-inch height, tests wwe made witli llie 
model rolled to the right through an angle of 10° while 
yawed at angles of 30° and 90°. The ellects of small 
angles of j)il(h w^ere obtained by pitching the model 
2° and —2° (fig. 3); the forces and moments were 
measured for the 0°, 30°, and 180° yaw^ positions. 

For the tests with the model in roll, the Reynolds 
Numbers ranged from 5,000,000 to 8,000,000. All 
other tests were made at Reynolds Numbers ranging 
from 5,000,000 to 19,000,000, which correspond to air 
speeds frojn 28 to 100 miles per hour. The Reynolds 
Number values nre based on the lengtli of the liull, 

Reynolds N umber =^^^ 

and are 4.04 times those based on (vol)^, which have 
been used in a number of airship investigations. 

Smoke flow.— Motion pictures were taken of smoke 
flow^ over several sections along the model for all angles 
of yaw with the model 28K inches above the ground 
board. Enlarged prints (fig. 4) illustrate the nature 
of the flow. 

Wake surveys. ^ — Surveys were made of the dynajnic 
pressure and total head in the field of the model when 
yawed 90° to the w^nd. 

RESULTS 

The results of the force tests are presented (figs. 5 to 
24) in the form of nondimensional coefficients defined 
as follows: 



Lift coefficient, 
Cl = 



lift 



g(V0l)2 



Drag coefficient, 

^ ^ drag parallel to wind axes 

<?(V0l)2/3 

Longitudinal-force coefficient, 

^ ^ force parallel to longitudinal body axes 

^ g(V0l)2/3 

Cross-wind force coefficient, 

^ _ cross-wind force 
g(vol)2/3 

Cross-force coefficient, 

^ force normal to longitudinal bodv axes 

^Y = 7 TT^. 



g(vol)2 



Resultant-force coefficient, 

^ _ re sultant force 
(vol) 2/3 

Rolling-moment coefficient, 



Pitcliing-nioini'iit coefficient, 

^ _ pitching moment about C. B. 
q{vo\) 

Yawing-moment coefficient, 

^ ^ yawing moment about C. B. 
"~~ g(vol) 

in which (vol) is the volume of the hull in cubic feet 
and q is the dynamic ])ressure in i)ounds per square 
foot at a point 5 feet above the ground board, which 
corresponds to 200 feet above the ground for the full- 
size niiship. When ap])lying the wind-tunnel results 
to the actual airshi]), the wiud velocity at a point 200 
feet above the ground should be used as a base. All 
moment coefficients are presented with reference to 
the body axes of the model. 

The important results are presented in their simplest 
form in figure 5, a three-view drawing of the measured 




Front support 



Rear support 



Cr- 



rolling moment about C. B. 
g(vol) 




Figure 3.— Positions of the airsiiip model relative to the irround board. 

resultant-force vectors on the airship for the angles of 
yaw^ that were tested for a smgle height of the model 
above the ground. The vectors are to scale and show 
the magnitude and direction of the forces and the 
moments about the three coordinate axes. 

Lift. — The measured vertical forces on the airehip 
model were positive, or upward, for the entire range of 
angles of yaw tested and for all heights of the model 
above the ground plane (fig. 6). The lift coeflScient is 
negligible at 0° angle of yaw but increases with angle 
of yaw and reaches a maximum at an angle of about 
60° to the relative wind. With increasing angles of 
yaw from 60° the lift decreases rapidly until at 90° it 
has a small positive value. In the angle range between 
90° and 180° the lift decreases slowly and almost 
uniformly and becomes negligible again at 180° yaw\ 

In the scale range investigated the lift showed only 
a small variation with Reynolds Number for the 0° 
angle position but, at the 90° yaw angle, decreased at 
a small but constant rate with increasing Reynolds 
Number (figs. 7 and 8). The lift varies appreciably 
with the height of the model above the ground plane; 
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(e) Flow over tail at 30° yaw. (f) Flow over midsection at ()()° yaw. 

Fi(;i liE 4.^Smoke How over 1/40-scale model of the U. S. airship Akron. Center line of model 28^.' inches above the ground board. 
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(ki Flow over nose :il !H)° yaw. ,1, Flow over tail ai 210 .saw. 

Figure 4.— Continued. Smoke flow over 1/40-scale model of the U. S. airship Akron. Center line of model inches above the ground board. 
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however, tlie results sliowed that there were tio eritieal 
heights m tlie range investigated. Tlie Ul't on tlie 
model increases as the ground board is approached 
(fig. ()), showing the greatest absohite increase at 
about 60° yaw at vvliich angk^ the Hft is highest, but 
showing the greatest percentage increase in the angle 
range between 90° and 180°. Rolling the airship 10° 
made no appreciable change in the lift (fig. 9). 



and is relatively unaffected by any of the changes in 
model height or roll (fig. 12). 

The (^nVct of scale on the longitudinal force is rela- 
tively iiniiuportaut m the Reynolds Number range 
tested as is shown in figures? and cS for the 0° and 90° 
angles, res])ectively. 

Cross-wind force. — Like the drag, the cross-wind 
force showed very little change with any of the varia- 




C,=0.2 

Sco/e of vectors: |<— I — >| 



Scale of distance, ft.:0 



Moment coeffic/ent - 



(Vol.)'' 



2 4 6 6 
X J_ distance to C.B.. ft. 



Direction 
of wind 



Resultant- force coefficients in X-Y plane 
60°' 

0\ 30° 





Resultant- force coefficients in X-Z plane 



Resultant- force coefficients in Y-Z plane 



Figure 5.— Three-view drawing showing resullaiit forces on the l/40-scale model of the U. S. airship Akron. Model 28K' inches above ground board. Reynolds Number, 

1(),000,000. 



Drag. — The drag coefficients with reference to the 
wind axis increase as the angle of yaw increases and 
reach a maximum with the airship at 90° yaw. The 
drag curve is almost symmetrical about the 90° ordi- 
nate, and the drag coefficient drops to a value of about 
0.030 for both the 0° and 180° angles (fig. 10). The 
height of the model above the ground plane proved to 
be an unimportant variable in the drag except in the 
range of angles near 90°. At the 90° angle the drag 
is lower for positions closer to the board. 

The longitudinal-force coefficient (figs. 11 and 12) 
changes from a small ])ositive value at 0° to a rather 
large negative or stern-to-bow force at 90°, the tran- 
sition from i)ositive to negative force occurring at 
about 30° yaw. The curve is essentially symmetrical 



tions in model height, pitch, or roll (figs. 13, 14, and 
15). In the range of angles near 90° yaw (fig. 14) the 
cross force (body axis) changes with model height, 
increasing with the greater distance from the board. 

The cross force showed a greater variation with the 
Reynolds Number than did the longitudinal force, 
dropping ofl* at the lower values to about 8 percent 
below the value for the high Reynolds Numbers (fig. 8). 

Pitching moment. — The pitching moment was not 
critically affected by any of the variations in model 
height, pitch, or roll, and the results (figs. 16 and 17) 
again show that the ett'ects of these variables were 
relatively iinimj)ortant compared with the changes 
in the pitching jiiojuent for small changes in the angle 
of yaw. 
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60 90 lao 

Angle of yow, degrees 

Figure 6— The variation of the lift coefficient with angle of yaw, angle of pitch, 
and height above the ground board at a Reynolds Number of 1(3,000,000. 



r 

o 

^ 0 



CD 

-J 



0.0 

1$ o 











































+- 






. o/'rsh 










eg 


roL 


jno 




•)ar 


cf 







































0 






25/2" 
















































































m 






















1 


h- 
























































































































































































































































V- 




1 



























































































































































































































































































































































































































































6 8 10 12 
Reynolds Number 



14 16 I8y.l0^ 




6 8 10 12 
Reynolds Number 



16x10^ 



Figure 8.— The variation of the cross-force coefficient, the longitudinal-force coeffi- 
cient, and the lift coefficient with Reynolds Number. Model at 90° yaw. 
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Figure 7.— The variation of the pitching-niomeut coefficient, the longitudinal-force Figure 9.— The variation of the lift coefficient with angle of yaw, angle of roll, and 
coefficient, and the lift coefficient with Reynolds Number. Model at 0° yaw. height above the ground board at a Reynolds Number of 8,000,000. 
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Fici KK 1 l.^The variation of the lonKitiidinal-force coenicient with an^'le of yaw and 
heifrht above the jiround hoard at a Reynolds Xumber of 1(5, 000, 000. 
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Fkh ke 12.- The variation of ionjritudinal-force coeflicient with angle of yaw, ari'iic 
of roll, and height above the ground board at a Reynolds Number of 8,000,000. 
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Kku kk l.'i.— The variation of cross-wind force with angle of yaw, angle of pitch, and 
height above the ground board at a Reynolds Number of 16,000,000. 
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Figure 14.— The variation of cross-force coefficient with angle of yaw, angle of pitch, 
and height above the ground board at a Reynolds Number of 16,000.000. 



Fid L RE 15.— The variation of cross-force coefficient with angle of y.iw, angle of roll, 
and height above the ground board at a Reynolds Number of 8.000,000. 
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'I'lio vnriations ol" pitching jhojiumiI with the 

Reynolds Niunber were siiuiU and inconsistent as shown 
by figures 7 and IcS for the 0° and 90° yaw positions, 
respectively. 

An interesting reversal of the sign of the pitching 
jnonient occurs in the yaw-angle range between 30° 
and ()()°, the ])itching-nionient coefhcient changing 
from about —0.35 at 30° to 0.55 at 60°. 

Yawing moment. — The yawing-moment coefficients 
for angles of yaw in the range between 0° and 00° are 
small but reach large negative values at 150° (figs. 19 
and 20). The effects of model height are unimportant 
except in the angle range between 0° and 60°, where 
the moments are small. The effects of roll and 
])itch are also relatively unimportant. The varia- 
tion with Reynolds Number is small (fig. 18). 

Rolling moment. — The rolling-moment coefficients 
are almost zero for the full range of the tests, and none 
of the variations in model height, pitch, roh, or Rey- 
nolds Number showed any marked or ap])re('ia})le 
effects (figs. 18, 21, and 22).^ 

Wake surveys. — The dynamic and total pressures in 
the wake of the airship at 90° yaw are presented in 
figures 23 and 24, respectively. The dead-wake size 
varies with position along the Inili and is largest 
behind the tail surfaces. 

DISCUSSION 

The test results presented in figures 5 to 24 give 
directly the measured forces and moments on the 
1/40-scale airship model for the conditions that were 
tested. It is desirable that some understanding be 
obtained of the origin of these forces and the nature 
of the flow about the airshij) to aid in the large extra- 
polation of the measured results to full-scale Reynolds 
Nujnbers. An attempt has therefore been made in the 
following paragraphs to analyze the test data and the 
general problem with a view to determining the nature 
of the flow about the airship when adjacent to the 
ground and to obtain some conception of the applica- 
bility of the results to the full-size airsliip. These 
fundamental conceptions are usually provided by the 
theory; however, the complex interaction of the effects 
of the ground gradient with those of the ground-plane 
interference makes any theoretical treatment without 
innumerable assumptions very difficult, if not impos- 
sible. The jnotion pictures taken of the sjnoke flow 
over the model, a few frames of which are presented 
in figure 4, greatly assisted in the (low analysis. 

The following pr()l)lems ai'c considered to be of 
particular Intercast and importance and will })e discussed 
in the succeeding paragraphs: 

1. The source of the i)ositive lifting force on the 
jnodel. 

2. Possibihties of extrapolating the lift results to 
Reynolds Numbers of the full-size airship. 



3. Origin of negative or stern-to-bow longitudinal 
force on airship model at 90° yaw. 

4. Com])arison of the drag results on the Akron 
model above the ground board in the full-scale tunnel 
with those measured in the 2()-l'()()t tunnc^l in frcM^-air- 
conditions. 

5. Reason for the reversal of tlu^ ])itching-mojnent 
coefficients of the model in the yaw-angle range between 
30° and 60°. 

(). The large yawing jnoments encountered at 150° 
yaw in contrast to the relative inefl'ectiveness of the 
vertical tail surfaces at angles of yaw between 0° 
and 60°. 

Origin of lift on airship. — In the analysis of the flow 
and the aerodynamic forces on the airship the model 
has been considered as divided into sections of nnit 
length of simple geometric form about which the flow 
may be predicted. Thus at snuill angles of yaw, sec- 
tions through the airship parallel to the relative wind 
have profiles sijnilar to thick symmetrical airfoils; 
w^iereas at larger angles of yaw, these sections ])arallel 
to the wind are deformed into approximately elliptical 
shapes that become circles at 90°. The flows over 
both the symmetrical airfoil sections and the bluff 
elliptical and circular sections are well known and have 
been the subject of many previous investigations. It 
has been shown that to obtain a lift from these sections, 
i. e., the airfoil or circular sections, it is required that 
a circulation exist, the circulation manifesting itself by 
different velocities and pressures over the bottoms and 
tops of the profiles. 

The existence of a lift on the airship model therefore 
indicates a circulation about the sections and, inasmuch 
as the angle of attack of the profiles is 0°, the entire 
circulation may be attributed to the interference of 
the ground board and ground gradient. This same 
conclusion is obvious from the symmetry of the model 
and, in the absence of a ground plane and velocity 
gradient, no lift would be expected on the model. 

It is believed that the resultant circulation producing 
a vertical force may be contributed from the three 
follow^ing sources: 

1. Contraction of How between model and ground 
board. 

2. Unsymmetrical flow in the wake of the model 
due to the ground-board restraint. 

3. rnsymmetrical pressure distribution over top 
and bottom of model due to the velocity gradient. 

The contraction of tlu^ How between the airshi|) and 
the ground board produces lower pressures on the 
bottom side of the model with a resultant downward 
or negative lift, which increases as the model approaches 
the ground. The magnitude of this effect may be 
theoretically computed (reference 7) assuming poten- 
tial flow over the model and no ground gradient. For 
this calculation the ground ])lane is replaced by a 
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Figure 18.— The variation of yawing-moment coeflficient, pitchiiig-moment coeffi- 
cient, and rolling-moment coefficient with Reynolds Number. Model at 90° yaw. 
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Figure 21.— The variation of rolling-moment coefficient with angle of yaw, angle of 
pitch, and height above the ground board at a Reynolds Number of 16,000,000. 
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17.— The variation of pitching-moraent coefficient with angle of yaw, angle 
and height above the ground board at a Reynolds Number of 8,000,000. 



FuJUKK H). — The variation of pitching-iiionieiit coellicient with angle of yiiw, an.ule of 
I)itch, and height above the ground board at a Reynold.^ Number of 16,000,000. 
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Figure 19.— The variation of yawing-moment coefficient with angle of yaw, angle 
of pitch, and height above the ground board at a Reynolds Number of 16,000,000. 
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Figure 20.— The variation of yawing-moment coefficient with angle of yaw, angle 
of roll, and height above the ground board at a Reynolds Number of 8,000,000. 
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reflected image of the model in the ground ])hine. 
Computations of this type made for the rondition of 
the airship at 90° yaw indicate that, if thv How ovcm* 
the inoch^l wviv truly j)otential, the attraction of the 
model to the ground phme woukl he hvrge and the re- 
sultant lift force negative rather than positive. 

The assumption of potential How over the model is 
wholly erroneous, in fact, it is only at angles of yaw^ 
near 0° that any similarity exists between the theoreti- 
cal and the actual flow over the hull. This disparity 
with the theoretical condition is caused by the break- 
away of the flow from the surface of the model over the 
rear of the sections owdng to the losses in the boundary 
layer. The air flow wdll not follow the hull but sepa- 
rates forming a dead-air region of negative pressure 
behind the model. The size of the dead-air region is 
dependent on the shape of the sections over whicli the 
air passes, being smalh^st for the 0° yaw coiuhtion 
(fig. 4(a)) and largest lor the 90° yaw angle. (See 
smoke pictures fig. 4(j) and 4(k) and the wake siir\ (\vs 
behind the model at 90° yaw in figs. 23 and 24.) Approxi- 
mate computations based on flows over the airshij) 
model including separation over the rear of the model 
revealed much smaller negative-hft effects aiising 
from the contraction than were previously com|)ute(l 
from the potential flow and indicate that the contrac- 
tion effect may be one of the less im porta nt of the 
effects contributing to the resultant vertical force. 

Tlie second source of lift is similai- to the first in that 
it is i-elated to the effect of the ground plane* on the 
How. It particularly dei)ends on the eflect of the 
ground board on the flow over the leeward portions of 
the airship profiles and on the point of separation of 
the flow from the surface. Previous tests have shown 
the point of separation to be very sensitive to any ty|)e 
of interference effect, and several stable types of How 
are possible, de|)ending upon th(* j)arti('ular si^t of (wler- 
nal interference conditions. The efl'ect of tlu* unsym- 
metrical restraint is to rotate the flow in front of the 
model upward and to hiduce a positive^ angh* of attack 
in the flow over the model. The How ovcm- tl^e bottom 
of the airship therefore tends to follow fai-ther along 
th(^ circumference of the modc^l Ix^fore se|)aratiofi than 
the How over the top side, and the dead-wake r(\uioii of 
negative pressure on the leeward side of t\w model is 
rotated upward, resulting in a j)ositiv(* lifting force. 
Indications of these eiiects are shown by the smoke 
pictures. The flow over the model at 60° yaw (maxi- 
mum-lift angle) is shown in figure 4(g) and it may be 
observed that the dead-air region is shifted U})ward and 
that the flow follows much farthcM* around tin* lower 
half of the model than over the up|)er half. This un- 
synimetrical |)attern in the wake is also shown in [jgiires 
4(e) and 4(i). TIk^ upHow in front of the model for 
the 30° yaw condition is shown in figure 4(c), and for 
the 90° yaw condition in (igures 4(i) and 4(k). The 
effect of the ground board on the breakaway aj)j)eais 



to be smallest for the 90° angle (figs. 4(j) and 4(k)) 
probably because of the shorter effective chord in the 
direction of the flow. This observation is also a check 
on the smaller j)ositiv(* force measured at this angle. 

The third factor contribuLing to the vertical force is 
the ground gradient. Inasmuch as the pressures on the 
surface of the body are a 1 unction of the dynamic pres- 
sures outside the field of the body, the ])ressures over 
the surface at positions where the outside velocity is 
highest will reach larger values. In this particular case, 
therefore, with a positive gradient, that is, a velocity 
increasing with height above the ground board, the 
pressures on the u])per side of the airship model will 
reach highei- negative values than those on the lower 
surface and piodnce a positive lift. Trial computa- 
tions were made assuming average velocities over the 
top and bottom half of the airship when at 90° yaw; 
integration of the computed pressures over the surface 
of tlu^ nio(l(^I gav(^ a positive lift of the same sense but 
of slightly gieater magnitude than the measured one. 
The method was, of course, approximate, inasmuch as 
the velocity varies continuously with the height, and 
it was also necessary to make assumptions as to the 
pressure distribution over the cylindrical piofihv The 
results indicate, however, that the ground gradient is 
an important factor contributing to the liftnig force. 

The large effect of the velocity gradient on tlu^ lift 
force suggests that furthei* t(^sts be madc^ with other 
velocity gradients than tin* one (Muployed in the [)r(»s- 
(Mit inv(^stigation. (iiMierally tlu^ results should indi- 
cate greater |)()sitive lifts with higher velocity gradients 
than that of the present investigation, and conversely. 

All (hre(^ factors to which th(* vcM'tieal force has been 
attributed streandifK* contraction, unsymniet rical 
wake restraint, and ground gradient vary with tlu* 
height, and the measured lift force did show a slight 
change with tlu^ model height; in the range of the 
tests, however, there were no critical points at which 
eitliei sudden changes or reversals of forces existed. 

Extrapolation of results. — The i-esults showing a 
positive lift on the jnodel aii'ship are of particular 
interest in regard to the possibility of predicting the 
lift of the full-size airship. The extrapolation of 
results from tiie model to the full-size airship is lengthy 
inasmuch as the Reynolds Numbers for the full-scale 
airshij) at wind velocities of 20 miles per hour are 
about eight times the maxunum value for the tests in 
the full-scale tunnel. A direct extraj)()lation by con- 
tinuation of the curves of model results to the Reynolds 
\und)ers of the full-size airship is not believed justi- 
fi(Ml or satisfactory, inasmuch as the cxttMision of a 
curve to eight times its original length will, no doubt, 
lead to erroncHxis conchisions. 

A more satisfactory method is to consi(l(M' the Hows 
about the body for the two cases of model and full scale 
to see if any critical changes in the flow are to be 
ex[)ecte(l in passing through the scale range to be 
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extrapolated. It has been previously mentioned that 
at hirge angles of yaw longitudinal sections of the air- 
ship become elliptical and, at 90°, become circular. 
Two stable types of flow over a cylinder at right angles 
to the flow may occur, depending upon the Reynolds 
Number. For Reynolds Numbers below the critical 
(400,000 to 500,000 based on cylinder diameter) the 
flow is characterized by an early separation on the 
rear of the cylinder, the breakaway occurring slightly 
before the point of maximum wndth (fig. 25(a)). For 
Reynolds Numbers above the critical the boundary 
layer becomes turbulent and the breakaway occurs 
farther back along the circumference (fig. 25(b)). 
Quite marked differences would therefore be expected 
in the flow over the airship and in the forces on the 
model in passing through this Reynolds Number 
rajige. In the present model tests the Reynolds Num- 
ber was above the critical for all but a few of the 
smallest sections near the bow and stern of the model. 

Tests have been made in other wind tunnels of 
cylinders adjacent to ground boards (references 1 and 
2) but, owing to the fact that all of the results were 
obtained close to the critical Reynolds Numbers, they 
show (Ufferent results from the full-scale-tunnel data. 
Once tlie critical range has been passed, the flow in 
cylinder tests has shown no marked changes with the 
Reynolds Number, and it is believed that the flow 
over the full-size airship will be generally similar to 
that over the model as tested in the full-scale tunnel. 
It may be further pointed out that the portion of the 
lift caused by the ground gradient should scale almost 
directly to the larger Reynolds Numbers. It is believed 
that the lift curve (fig. 8), which show a decreasing lift 
with increasing Reynolds Number, will (end to flatten 
out at the very high Reynolds Numbers and show a 
more nearly constant value. 

If the measured lift coefPicients on the model airship 
at the highest Reynolds Numbers tested in the tunnel 
are scaled directly to the case of the full-size airship, 
the resultant vertical forces are of large magnitude for 
appreciable angles of yaw and moderate wind veloci- 
ties. For example, the lift on an airship of the size of 
the Akron at 30° yaw in a 20-mile-])er-hour wind veloc- 
ity when its center line is about 95 feet above the 
ground is 17,800 pounds; for a yaw angle of 60° and the 
same wind velocity, the lift would reach a maximum 
of about 25,600 pounds. The Reynolds Number of 
this typical case is about eight times the highest value 
reached in the tunnel tests. The 95-foot height in full 
scale corresponds to the 28)2 inch test height with the 
jnodel. 

Longitudinal force. — The large negative longitudinal 
forc(^ (with relerence to body axis) at 90° yaw is of 
interest and may be accounted for by the unsymmet- 
rical flow^ over the bow and stern of the airship. The 
flow over the bow produces a negative pressure region 



over almost its entire area, whereas the flow over the 
stern is distributed by the tail surfaces and the static 
pressure is positive on the windward side and negative 
on the leeward (figs. 4(k) and 4(i)). The result is a 
longitudinal force in the direction of the nose. On the 
bare hull w ilhout tail surfaces the large negative value 
would not be expected. 

Comparison with drags measured in 20-foot tunnel. — • 
The jiKxh^l t('si(>(l ill the full-scale tunnel adjacent to the 
ground board had previously been tested in the 
N. A. C. A. 20-foot tunnel in the center of the free 
stream (reference 4). The minimum drag coefficient of 
0.024 obtained from these tests may be comj^ared with 
the 0° yaw value from the full-scale-tunnel tests. The 




(a) Flow for Reynolds Niiinhcr holow the critical. 




(b) Flow for Reynolds N'uniher above the critical. 



Fi<;iKE 25.— Flow over circular cylinders showinji separation. 

comparison indicatc^s iUc niagnitu(l(^ of inteilVrence 
effect on the drag owing to the ground board and the 
ground gradient. In the comparison, consideration 
must be given to the fact that coefficients for the full- 
scale-tunnel tests were not based on the average velocity 
over the model but on the velocity at 5 feet above the 
board. If the true average dynamic pressure over the 
model is used, the drag coefficient for the full-scale- 
tunnel tests at 0° yaw becomes 0.039, indicating that 
the interference increased the drag approximately 60 
percent above the 20-foot-tunnel value. A|)])roximate 
computations for the 90° angle of yaw, considering the 
airshi|) to consist of a series of cylinders and the tail 
surfaces to be flat plates, gave a free-air drag coefficient 
of 1.27. This value was compared with the measured 
drag coeflScient at 90° yaw corrected to the actual 
dynamic |)ressure over the model, and the interference 
of the ground j)lane and gradient on the drag was again 
shown to be in the order of (U) to 70 percent. The 
increase in drag may be attributed largely to the dis- 
turbed wake of the model. 
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Reversal of pitching moment. — The reversal of the 
sign of the pitching moments in the yaw-anglo range 
between 30° and 60° is probably caused by the changing 
force on the horizontal tail surfaces. The large negative 
moment at 30° is caused by a large positive lift on the 
horizontal tail surfaces, inasmuch as tlie smoke pictures 
in figure 4(e) show the average flow in the tail vicinity 
to be inclined upward. At the 30° angle tlie flow over 
the windward horizontal surface is not yet shielded by 
the vertical surfaces, the blanketing action being 
counteracted by the tendency of the flow to follow 
along the hull and reduce the effective angle of yaw. 
Figures 4(c) and 4(e) show this effect clearly. At the 
60° angle, however, the vertical surfaces effectively 
shield the flow over the entire horizontal surfaces and 
the areas become hiactive (fig. 4(h)). The hull pres- 
sures are, moreover, in the correct direction to create 
a positive moment, as is observed in figure 4(f), which 
indicates that the flow between the airship and the 
ground plane is toward the stern. In all probability 
there is a low-pressure region under the stern and a down 
force at the tail. For the 30° angle it may be observed 
that the smoke streamers passing between the board 
and the airship are turned toward the bow. 

Effect of yaw angle on yawing moment. — The 
measured yawing moments were small in the range of 
yaw angles between 0° and 60° but changed to large 
negative values at 150° (figs. 19 and 20). 

The small yawing moments in the yaw-angle range 
between 0° and ()0° are ex])Iained somewhat by the 
smoke i)i('tiire 4(e), which shows that the air is turned 
by llie hull and Hows along the hull in the region of the 
tail. The edective angle of attack of the fin, and 
therefore the fin lift, is thus reduced. For the 150° 
yaw' angle, however, the fin is ahead of the huh and 
operates in an air stream free of interference. The 
effectiveness of the fin when forward of the hull is 
shown in figure 4(1) where the large bending of the 
smoke streamers owning to the down wash from the 
fin is readily apparent. These results verify pre\ ions 
experimental information showing the effectiveness of 
bow elevators. 



CONCLUSIONS 

1. Changes in the angle of ya\v of the airship greatly 
affect the ground-handling forces; whereas, in the range 
of Reynolds Numbers between 5,000,000 and 19,000,000 
(Reynolds Numbers based on model length), small 
changes in height, pitch, or roll of the airship have a 
negligible effect. 

2. In the scale range investigated the ground-han- 
dling forces are not importantly affected by changes in 
Reynolds Numbers. 

3. The curves of the model results should not be 
extrapolated to the Reynolds Numbers of the full-size 
airship but may be used with some reliability directly 
from the measured values at the highest Reynolds 
Numbers. 

4. The application of the measured results to the 
full-size airshij) shows very large handling forces for 
appreciable angles of yaw and moderate wind velocities. 



IjANCiLEY Memorial Aeronautical Laboratory, 
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Positive directions of axes and angles (forces and njoments) are shown by i 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 


X 


X 


Rolling 


L 


Y >Z 


Roll 


<i> 
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u 


P 


Lateral 


Y 
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Pitching 

Yawing 


M 
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Z yX 

X yY 


Pitch 

Yaw 
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Normal 
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Z 
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w 



















Absolute coefficients of moment 
"qbS 

(rolling) (pitching) 



c 

(yawing) 

4. PROPELLER SYMBOLS 



Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 



Dy Diameter 

Geometric pitch 

^/D, Pitch ratio 

V'y Inflow velocity 

Fa, Slipstream velocity 

jT, Thrust, absolute coefficient Ct- 

Qy Torque, absolute coefficient Cq' 



1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h 
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P. 



Power, absolute coefficient Cp-- 



IeYI 



Speed-power coefficient = 
Efficiency 

Revolutions per second, r.p.s. 
Effective helix angle = tan"^ (2^^^) 



5, NUMERICAL RELATIONS 



1 lb. = 0.4536 kg. 

1 kg = 2.2046 lb. 

1 mi. = 1,609.35 m = 5,280 ft. 

1 m = 3.2808 ft. 



